Antibacterial properties of the frog-derived peptide dermaseptin S4 and a series of synthetic derivatives against the food pathogen Escherichia coli O157:H7 were investigated under extreme incubation conditions. The 28-mer analog K 4 K 20 S4 (P 28 ) displayed an MIC of 8 M and rapid bactericidal kinetics under standard culture conditions. Potent bactericidal properties were maintained at high salt concentrations, under acidic or basic conditions, and at extreme temperatures. The N-terminal 14-mer sequence (P 14 ) displayed higher potency (MIC, 4 M) but only within a narrow range of incubation conditions, pointing to the importance of the C-terminal domain of P 28 . The potency range was reextended upon conjugation of aminododecanoic acid to P 14 . The resulting lipopeptide was even more potent (MIC, 2 M) and affected bacterial viability under most of the conditions tested, including in commercial apple juice. The mechanistic implications of peptides' hydrophobicity, charge, structure, and binding to an idealized membrane were probed and are discussed here. Collectively, the data indicate interest in simple peptide-based compounds for design of antimicrobials that affect pathogens under a variable range of incubation conditions. Antimicrobial peptides (AMPs) are important components of innate immunity (23, 39, 52). Many are active towards a wide range of microorganisms by a mode of action which is still not fully understood but is assumed to involve interaction with the bacterial membrane and its disruption. AMPs do not require interaction with a chiral center for activity, supporting a lower probability for microorganisms to develop efficient resistance mechanisms compared with conventional antibiotics (22, 38) .
Antimicrobial peptides (AMPs) are important components of innate immunity (23, 39, 52) . Many are active towards a wide range of microorganisms by a mode of action which is still not fully understood but is assumed to involve interaction with the bacterial membrane and its disruption. AMPs do not require interaction with a chiral center for activity, supporting a lower probability for microorganisms to develop efficient resistance mechanisms compared with conventional antibiotics (22, 38) .
AMPs from the dermaseptin family were recently proposed as model peptides for investigating the effects of acyl conjugation (13, 17, 44) . These amphibian-derived AMPs (35, 36) have been amply investigated during the past decade and shown to exert rapid cytolytic activity against a wide range of microorganisms, including gram-negative and gram-positive bacteria, protozoa, filamentous fungi (14, 26, 35, 36) , spores of pathogenic bacteria (29) , yeasts (11) , and intracellular parasites (13, 17, 30) , as well as antiviral activity (5) .
Due to its distinctive primary structure, dermaseptin S4 was used to identify structure-function relationships, which eventually led to potent derivatives (19, 21, 31, 37, 38) . In recent work, we defined the activity of a single-amino-acid-substituted derivative, K 4 -S4, against Escherichia coli O157:H7 in terms of milieu dependencies (51) . Extending that study, the present work is aimed at understanding the molecular elements in native dermaseptin S4 that are necessary for maintaining antimicrobial potency under extreme incubation conditions. We produced a set of derivatives that varied in length, composition, hydrophobicity, and net charge and investigated the effect of incubation conditions on the peptides' activity and bacterial susceptibility. In addition, we investigated the peptides' organization in solution and binding to model membranes.
MATERIALS AND METHODS
Peptides. Peptides were synthesized by the solid-phase method using 9-fluorenylmethyloxycarbonyl active ester chemistry on a 433A peptide synthesizer (Applied Biosystems) as described previously (19) . Acylated analogs were prepared manually by linking the peptide's N terminus to lauric or aminolauric acid as described previously (17) . After cleavage from the resin, the crude peptides were purified to 98 to Ͼ99% chromatographic homogeneity by reverse-phase highpressure liquid chromatography (Alliance-Waters). Product identity was confirmed by subjecting the purified peptides to electrospray mass spectrometry (ZQ-Waters). Peptides were stored as a lyophilized powder at 20°C. Prior to experimentation, fresh solutions were prepared in distilled water (1 mg/ml), briefly vortexed, and sonicated, and these were used as stock solutions in all experiments.
Antibacterial assays. (i) Standard incubation conditions. Bacteria (Escherichia coli O157:H7, ATCC 43895) were grown overnight in LB medium (0.5% NaCl, 0.5% yeast extract, 1% tryptone, pH 7), diluted to 2 ϫ 10 7 to 4 ϫ 10 7 CFU/ml in LB, and incubated at room temperature for 60 min prior to being assayed. The stock culture of the strain was maintained in a 50:50 glycerol-LB broth at Ϫ80°C.
(ii) MIC determination. The MIC was determined using the microdilution assay, which was performed in sterilized 96-well plates in a final volume of 200 l as follows. A stock solution of the peptides was diluted 10-fold in culture medium. One hundred microliters of LB containing bacteria (2 ϫ 10 7 to 4 ϫ 10 7 cells/ml) was added to 100 l LB containing peptide (serial twofold dilutions). Growth was determined by optical density measurements at 620 nm. The MIC was considered the lowest peptide concentration that showed no increase in optical density after overnight incubation at 37°C. (iii) Bactericidal kinetics. Unless otherwise stated, the assay was performed in test tubes in a final volume of 1.1 ml. One hundred microliters of bacterial suspension was added to 1 ml of LB containing no peptide or various peptide concentrations. After 0, 5, 15, 30, 60, and 120 min of exposure to peptide at 37°C, cultures were subjected to serial 10-fold dilutions (up to 1/10 6 ) by adding 50 l of sample to 450 l saline (0.85% NaCl) and kept on ice. Cell counts were determined using the drop plate method (three 20-l drops onto LB agar plates). CFU were counted after 16 to 24 h of incubation at 37°C.
(iv) Nonstandard incubation conditions. To assess the effect of temperature variations, assays were performed as described above but bacteria and test tubes containing the culture medium were first incubated for 60 min at the specified temperatures (i.e., 4, 25, 37 and 42°C). For pH and salt variations, the culture medium was brought to the desired pH by adding NaOH or HCl (1 N) or to the desired saline concentration by adding NaCl to the LB.
(v) Apple juice. Concentrated apple juice (Cider Hagalil; Israel) was diluted by adding 1 ml juice to 6.25 ml double-distilled water (final pH 3.6) and used as a medium as described above. To assess a peptide's availability in apple juice, the peptide was preincubated in apple juice at the concentration of 24 M (2 h) and then diluted to the desired concentration in LB. The medium was monitored for pH changes throughout.
Liposome preparation. Small unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (PC-PG) (3:1 molar ratio) were prepared by the sonication method (according to instructions from Avanti Polar) in the buffer corresponding to the incubation conditions used in the antimicrobial assays. The vesicles had a mean diameter of 20 nm as determined by dynamic light scattering. The liposome solution was used as a stock solution for the circular dichroism (CD) and surface plasmon resonance (SPR) experiments.
Peptide organization in solution. Peptide secondary structure was investigated by CD basically as described previously (31) . Peptide (100 M) was dissolved in a buffer mimicking the medium used for antimicrobial assays (phosphate-buffered saline [PBS] containing 1 to 6% NaCl, acetate buffer [pH 3.6 to 5.5], Tris-HCl buffer [pH 8.5], and PBS preheated or precooled to the appropriate temperatures) in the presence of liposomes (peptide/lipid ratio, 1:20) . Three scans and two independent preparations for each type of sample were measured, averaged, and corrected for the contribution of lipid vesicles and buffer.
Peptide self-assembly (aggregation) in buffers was investigated by static lightscattering measurements as described previously (31) .
SPR. Peptide binding to phospholipid membranes was determined using an optical biosensor system (BIAcore 2000, Uppsala, Sweden) based on the principles of surface plasmon resonance (28) . The sensor chip L1 (a carboxymethyldextran hydrogel derivatized with lipophilic alkyl chain anchors) was used to prepare a lipid bilayer as described previously (21) . Table 1 are the dermaseptin S4 analogs that were investigated. Design of the analogs was partly inspired from results obtained in a previous study where dermaseptin S4 and some of the derivatives were evaluated against a nonpathogenic strain of E. coli (19) . To find the shortest derivative that is active against the pathogenic strain E. coli O157:H7, the C-terminal domain of S4 was gradually truncated (this group includes three new analogs, i.e., the amide form of K 4 K 20 -S4 and the 14-and 12-mer derivatives).
RESULTS
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Initial screen: MIC experiments. As shown in Table 1 , the highly hydrophobic native dermaseptin S4 was unable to reach an MIC at the highest concentration tested (MIC, Ͼ32 M), very likely because of its inability to effectively cross the external membrane and reach the cytoplasmic membrane due to its high level of self-assembly in solution (critical micelle concentration ϭ 0.2 M), as reported previously (44) . Therefore, with increasing charge, hydrophobicity was reduced, aggregation was limited, and activity was enhanced (MIC of P 28 , 8 M).
Truncating the peptide down to the N-terminal 10 residues led to gradually decreased hydrophobicity and charge, which initially correlated with the increased activity (MIC reduced from 8 to 4 M) observed for the 16-to 14-residue derivatives of comparable hydrophobicity. Thereafter, additional truncations from 13 to 10 residues led to a gradual loss of potency. Overall, these results showed consistency with published literature as to the importance of charge and hydrophobicity of cationic AMPs and identified a new 14-mer derivative, P 14 , that was both more economical and more potent than the fulllength native peptide or its derivatives.
Bactericidal kinetic assays. To evaluate the consequences of the C-terminal domain deletion, P 28 and P 14 were compared in terms of bactericidal kinetics. The dose-response curves obtained for three concentrations of P 28 and P 14 are shown in Fig. 1A and B, respectively. The time-kill curves show that under equimolar conditions, P 14 displayed faster kinetics. For instance, at 8 M both peptides were able to reduce the bacterial population to half its initial concentration within 30 min; P 14 , however, eliminated the whole population within 1 h of incubation.
Standard versus extreme incubation conditions. The bactericidal potencies of P 28 and P 14 were compared under varied incubation conditions, as summarized in Fig. 2A and B, respectively. Varying the pH from 3.6 to 8.5 hardly affected activity of P 28 , which displayed a consistent dose response except at high concentration (16 M) , where some loss of potency was observed at the extreme pH values (possibly reflecting peptide aggregation). Unlike P 28 , P 14 displayed potency loss under almost all incubation conditions except standard conditions.
Effects of peptide acylation. N acylation was recently shown to stabilize structure and improve antimicrobial properties of short dermaseptin derivatives (44) and other AMPs (3, 4, 9, 10, 33, 34, 49) . As shown in Table 1 , C12-P 14 was unable to reach an MIC at the highest concentration tested (MIC, Ͼ32 M), very likely because of its high level of self-assembly in solution on September 21, 2017 by guest http://aac.asm.org/ (reminiscent of native dermaseptin S4). The fact that acylation also leads to loss of a positive charge is likely to contribute to activity loss. Conjugation of aminolauryl simultaneously restored the original charge and increased hydrophobicity of P 14 to a lesser extent than lauryl conjugation. This led to numerous consequences: NC12-P 14 displayed an MIC of 2 M (Table 1) and faster kinetics both under standard conditions (Fig. 1C) and most of the other incubation conditions tested (Fig. 2C) . Peptide organization in solution. Self-assembly states in PBS are shown in Fig. 3A for P 14 and its acylated derivatives. C12-P 14 was found to assemble at low concentrations (critical micelle concentration estimated at ϳ0.1 M), whereas NC12-P 14 behaved similarly to P 14 , which is assumed to be monomeric. This supports the hypothesis that the inactivity of C12-P 14 against gram-negative bacteria is linked to its aggregated state. To further explore this possibility, antibacterial activity was compared in presence of EDTA, which is known to induce defects in the outer membrane and increase its permeability. Hydrophobic peptides displayed potency only in presence of EDTA. EDTA did not affect the MICs of P 14 and NC12-P 14 (Fig. 3B) . Similarly, EDTA did not affect peptide organization in solution, as verified using circular dichroism (Fig. 3C ) or aggregation properties (Fig. 3D) . These results link inactivity with aggregation and indicate that the aminoacyl contributed hydrophobicity while avoiding aggregation.
Bactericidal properties in apple juice. Consistent with the results obtained under incubation at low pH in LB medium (Fig. 2) , P 28 , P 14 , and NC12-P 14 displayed reduced potency in apple juice (not shown). Figure 4A shows the dose-dependent time-kill curves obtained for NC12-P 14 as an example. To account for the differences in activity at acidic conditions, NC12-P 14 was assayed using two experimental variations designed to distinguish between causes related to bacteria versus peptide: (i) bacteria were preincubated at pH 3.6 and then assayed at neutral pH, and (ii) the peptide was preincubated in apple juice prior to being assayed in LB medium at pH 7 as described above. The results are summarized in Fig. 4B and C, respectively. Bacteria that were preincubated at an acidic pH were less susceptible to NC12-P 14 . In fact, even in the absence of peptide, bacterial viability was hampered, pointing to a possible stress response adaptation of bacteria being the cause for reduced potency. Moreover, peptide preincubation in apple juice also led to reduced potency (Fig. 4C) , pointing to peptide inactivation by a juice component(s). Furthermore, a lower bactericidal effect was observed when apple juice was brought to pH 7 by adding NaOH (not shown). Secondary-structure considerations. CD measurements were performed for P 28 , P 14 , or NC12-P 14 in buffers containing liposomes that mimic bacterial membranes. All three peptides displayed typical spectra with unordered structures in buffer (not shown), but in the presence of liposomes, CD profiles indicated a clear shift toward a typical ␣-helix, as characterized by double minima at 208 and 220 nm. Figure 2D summarizes the CD data obtained for NC12-P 14 as a representative peptide. The spectra suggest that the helical conformation is essentially maintained irrespective of the conditions tested. Compared with standard conditions, both extreme pH and temperature conditions might somewhat reduce but certainly not eliminate the helical conformation. Similarly, NaCl somewhat increased helicity, as reported for other antimicrobial peptides (27, 50) ; note, however, that even under conditions that displayed the highest helicity (e.g., 6% NaCl), peptides were inactive, and vice versa. As inactivity could not be correlated to evident loss of structure, we conclude that activity might require structure but that structure does not necessarily indicate activity.
Binding experiments. Binding properties of P 14 and NC12-P 14 were compared at pH 7 and 5.5, as summarized in Table 2 . Other peptides and conditions could not be evaluated due to the aggregation state and membrane instability at extreme pH values.
At neutral pH, the SPR outcome was consistent with the antibacterial assays: the initial interactions of the peptides were similar as indicated by identical adhesion affinity and a tendency to insert into the membrane, although with a 2.8-fold difference in insertion affinities, which correlated with their observed antibacterial properties in terms of either MIC or bactericidal effect. At acidic pH, however, they differed at both stages of interaction. Although both peptides displayed higher adhesion affinities, P 14 showed nearly 15-fold-higher affinity. Remarkably, P 14 had a much lower propensity to insert at acidic pH, and consequently, the overall binding constant was nearly 100-fold lower, which again correlated with antibacterial properties (Fig. 2) . It is interesting to note that high adhesion affinity (at acidic pH) could be what that prevents P 14 from going forward with the reaction and inserting into the membrane.
Since P 14 displayed a low insertion affinity, its binding constants should in fact be calculated using a simple bimolecular association model (Langmuir kinetics); the association affinity constant of this reaction is calculated as the ratio of association to dissociation rate and has the same meaning as K adhession in the two-stage reaction model. Indeed, the affinity constants calculated according to the two models were rather similar (25 ϫ 10 5 versus 58 ϫ 10 5 M Ϫ1 ), but the chi square value of the bimolecular model was much lower (4.6 versus 40), indicating a better fit. These considerations support the assumption that P 14 does not insert into the lipid bilayer at acidic pH.
DISCUSSION
This study focused on understanding the structural and physical properties affecting bactericidal potency under various conditions and showed how sequence manipulations led to potent derivatives. In this respect, several comparisons seem of FIG. 4 . Bactericidal kinetics of NC12-P 14 in apple juice and effects of preincubations. (A) Bacteria were incubated in the absence of NC12-P 14 (open circles) and in presence of 8, 16, 32, and 64 M NC12-P 14 (closed circles, rectangles, asterisks, and triangles, respectively) in commercial apple juice (pH 3.6). CFU counts were performed after the specified incubation periods at 37°C. (B) Bacteria were incubated overnight in LB medium either at pH 3.6 (triangles) or pH 7 (circles), diluted to 10 6 cells/ml in LB medium at pH 7, and incubated for 2 hours in the absence (open symbols) or presence (closed symbols) of 8 M NC12-P 14 . CFU counts were performed after the specified incubation periods at 37°C. (C) The peptide was incubated for 2 hours in commercial apple juice, diluted to 8 M in LB medium, and incubated for 2 hours with bacteria. The graph describes bacterial viability in the absence of peptide (open circles) and in the presence of preincubated (asterisks) and nonpreincubated (closed circles) peptide.
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on September 21, 2017 by guest http://aac.asm.org/ interest, particularly in distinguishing between reasons for reduced potency. Comparing P 14 and NC12-P 14 suggests that increased hydrophobicity improved activity (as previously documented). It is interesting to note, therefore, that various short derivatives displayed increased potency relative to P 28 , despite reduced hydrophobicity and charge. Furthermore, raising the hydrophobicity beyond a certain limit decreases activity, as seen with C12-P 14 . We speculate, based on the combined results from light-scattering and MIC experiments, that beyond the repulsion exerted by the hydrophilic outer membrane on hydrophobic compounds (as observed for hydrophobic penicillins, for instance), AMPs that aggregate in solution lose their ability to cross the outer membrane and to affect the inner membrane (9, 19, 31) . Figure 3 shows this correlation and further demonstrates that in presence of EDTA, i.e., under conditions where the outer membrane is unstable, aggregated AMPs become active. We hypothesize, based on these observations, that activity emerged because the EDTA-mediated destabilization of the outer membrane facilitated passage of aggregated AMPs which were then able to interact with the inner (plasma) membrane. The data in Table 1 also support this hypothesis. NC12-P 14 is more active despite being more hydrophobic than most derivatives (which furthermore display similar or even higher positive charge). It becomes inactive only upon aggregation (C12 analog). We estimate that beyond a hydrophobicity level roughly corresponding to 60% eluent, chances are that potency against gram-negative bacteria will be low, although this limit is to be established for individual compounds. This obstacle may be overcome by specific strategies (as in the present study). Another type of obstacle was encountered when incubation conditions were altered. Although short derivatives displayed improved bactericidal activity, P 14 did not maintain potency under acidic conditions or at high salt concentrations or low temperatures. What are the reasons for this reduced efficiency? The virulent form of E. coli designated serotype O157:H7 has highly efficient mechanisms of global stress resistance, which contribute to its low infectious dose and tolerance to stress factors, including acidic pH (40) . The alternative sigma factor ( 2 ) encoded by rpoS which regulates expression of various stress response genes (32, 42, 43) was implicated in stress resistance of Salmonella and Escherichia (15, 16, 18, 20, 47) . These stress responses may reduce bacterial susceptibility to antimicrobial peptides by either membrane modifications, SOS gene expression, or changing the transmembrane potential. Our data with preincubated bacteria under acidic conditions support this hypothesis. Also, the E. coli transmembrane potential reportedly decreases significantly as a stress response to acidic conditions (46) ; this could explain the reduced propensity for insertion as evidenced by SPR experiments. Accordingly, pH was stipulated to affect the mode of action by which clavanin A permeabilizes the Lactobacillus sake membrane (48) .
Collectively, the present data point to potential uses of dermaseptin derivatives and like compounds in various antimicrobial fields, particularly in food safety. Antimicrobial properties of several AMPs were studied under various incubation conditions relevant to food products. The lactic acid bacteriumderived nisin is the only AMP used today by the food industry (24) , despite several disadvantages. Low solubility at physiological pH reduces the activity of nisin and limits its use (45) . Also, nisin is inefficient against yeasts, molds, and gram-negative bacteria unless other processing technologies are used in combination, such as addition of chelator agents (8, 12) , preheating (7), and pH reduction (45) . Among the animal-derived AMPs studied, a magainin analog displayed an MIC range of 3 to 50 g/ml, with reduced potency at 4 and 25°C (1). Similarly, a 14-residue model peptide, 6K8L (6, 25) , which reduced the E. coli population in citrate buffer by 3.5 log units after 10 min of incubation at 5 g/ml (2), induced the same effect in apple juice only after 8 h incubation at 100 g/ml. Likewise, another synthetic bactericidal peptide, [RLLR] 5 , displayed an 8-to 32-fold decrease in antibacterial and antifungal potencies in the presence of 200 mM NaCl (41) .
In conclusion, this study points to three elements that affect peptide activity under extreme incubation conditions: peptidemembrane interactions (interplay between adhesion and insertion affinities), the bacterial stress response (which is irrelevant to the peptide's properties), and peptide availability (captivating interactions with food components). In addition, this study identified a potent and economical new derivative, NC12-P, which was shown to maintain activity under incubation conditions that represent those used for many food products, and therefore its design may be useful in developing design strategies for antimicrobial compounds that are able to affect pathogen viability under a large spectrum of incubation conditions.
